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A 16-year (1998–2013) analysis of trends and seasonal patterns was conducted for the
5 subtropical ocean gyres using chlorophyll-a (Chl-a) retrievals from ocean color satellite
data, sea surface temperature (SST) obtained from optimally interpolated Advanced Very
High Resolution Radiometer (AVHRR) data, and sea-level anomaly (SLA) from Aviso
multi-sensor altimetry data. Trend analysis was also performed on mixed-layer data
derived from gridded temperature and salinity profiles (1998–2010) from the Simple
Ocean Data Assimilation (SODA) model. The Chl-a monthly composites were constructed
from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) and Moderate-resolution
Imaging Spectroradiometer (MODIS) on Aqua using two different algorithms: the standard
algorithm (STD) that has been in use since the start of the SeaWiFS mission in 1997,
and a more recently developed Ocean Color Index (OCI) algorithm that is purported to
provide improved accuracy in low chlorophyll waters such as the oligotrophic regions of the
subtropical gyres. Trends were obtained for all gyres using both STD and OCI algorithms,
which demonstrated generally consistent results. The North Pacific, Indian Ocean, North
Atlantic and South Atlantic gyres showed significant downward trends in Chl-a, while
the South Pacific gyre has a much weaker upward trend with no statistical significance.
Time series of satellite-derived net primary production (NPP) showed downward trends
for all the gyres, while all 5 gyres exhibited positive trends in SST and SLA. The
seasonal variability of Chl-a in each gyre is tightly coupled to the variability in mixed layer
depth (MLD) with peak values in winter in both hemispheres when vertical mixing is
more vigorous, reaching depths approaching the nutricline (ZNO3, here defined as the
depth of the 0.2μM nitrate concentration). On a seasonal basis, Chl-a concentrations
increase when the MLD approaches or is deeper than the nutricline depth, in agreement
with the concept that vertical mixing is the major driving mechanism for phytoplankton
photosynthesis in the interior of the gyres. In addition, MLD and SST seasonal changes
are well correlated indicating that SST is a reasonable index of vertical mixing in the gyres.
The combination of surface warming trends and biomass reduction over the 16-year period
has the potential to reduce atmospheric CO2 uptake by the gyres and therefore influence
the global carbon cycle.
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INTRODUCTION
Subtropical gyre variability as seen from ocean color satellites
has been analyzed in previous studies. McClain et al. (2004)
showed that the oligotrophic waters of the North Pacific and
North Atlantic gyres were observed to be expanding, while those
of the South Pacific, South Atlantic and South Indian Ocean gyres
show much weaker and less consistent tendencies. Their results
were based on 8 months (November 1996–June 1997) of Ocean
Color and Temperature Sensor (OCTS) and 6 years (September
1997–October 2003) of Sea-viewing Wide Field-of-view Sensor
(SeaWiFS) ocean color data. Polovina et al. (2008) used a 9-
year (1998–2006) time series of SeaWiFS to examine temporal
trends in the oligotrophic areas of the subtropical gyres. They
concluded that in the 9-year period, in the North and South
Pacific, North and South Atlantic, outside the equatorial zone,
the areas of low-surface chlorophyll waters had expanded at aver-
age annual rates from 0.8% to 4.3%. In addition, mean SST in
each of these 4 subtropical gyres increased over the 9-year period,
with the expansion of the low-chlorophyll waters being consis-
tent with global warming scenarios based on increased vertical
stratification in the mid-latitudes.
An important biological characteristic of the subtropical gyres
is the large variability in phytoplankton growth rates with mini-
mal changes in biomass (Laws et al., 1987;Marra andHeinemann,
1987; Marañón et al., 2000, 2003). Therefore, understanding the
interactions between physical and biological processes within the
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subtropical gyres is central for determining the magnitude and
variability of the carbon exported from the surface to the deep
ocean.
We used a satellite multi-sensor approach to analyze the bio-
logical response of all 5 subtropical gyres to changes in physical
forcing. A major data source for our analysis was the chlorophyll-
a (Chl-a) combined data from SeaWiFS and the Moderate-
resolution Imaging Spectroradiometer (MODIS) on Aqua, which
together provided 16 years of continuous high-quality global data.
Satellite-based SST data were obtained from optimally interpo-
lated (OI) Advanced Very High Resolution Radiometer (AVHRR)
data (Reynolds et al., 2007) and dynamic height (h) from altime-
try data. The results reported in this article are based on data
records that are longer than the ones used in similar previous
efforts (McClain et al., 2004; Polovina et al., 2008; Signorini
and McClain, 2012). These previous studies reported significant
changes in the sizes of most gyres. The seasonal cycle and long-
term trends of the physical forcing and biological response are
analyzed within the geographical domain of the subtropical gyres,
based on the most recent reprocessing of the entire SeaWiFS data
record (1998–2010) combined withMODIS data for the period of
2011–2013, the longest (16 years) ocean color record of adequate
data quality for this analysis.
METHODOLOGY
The study domains for all 5 gyres, the North and South Pacific
(NPAC and SPAC), the North and South Atlantic (NATL and
SATL) and the South Indian Ocean (IOCE) gyres, are shown in
Figures 1–3 as polygons bounded by white lines. The choice for
the gyre domain polygons follows the methodology of Signorini
and McClain (2012). The oligotrophic regions (purple areas in
Figure 1A) expand during summer and contract during win-
ter following the seasonal strength of the winds and convective
upper-ocean mixing. The rationale for choosing the size and
shape of the study polygons is twofold: (1) they should contain
the entire oligotrophic regions of the gyres during the maxi-
mum expansion in summer and (2) they should avoid peripheral
regions where other dynamic processes prevail, such as coastal
and equatorial upwelling, river discharge and western and eastern
boundary current systems.
DATA SOURCES AND PROCESSING
Our analysis is based on five satellite data sources spanning
the common period of 1998–2013. These include the combined
time series of 9 km monthly Chl-a from the latest SeaWiFS and
MODIS reprocessing (http://oceancolor.gsfc.nasa.gov/), 0.25◦
daily NOAA optimally interpolated (OI) SST, and Aviso 0.25◦
daily h from multi-sensor altimetry. Finally, we used global
monthly net primary production from the updated Carbon-based
Production Model-2 (CbPM2) to derive the combined SeaWiFS-
MODIS (1998–2013) net primary production (NPP) time series
for all gyres. The resolution of the NPP monthly grids is ∼18 km
and a detailed description of the CbPM2, with vertically resolved
photoacclimation, is given in Westberry et al. (2008). The SST
and h products were averaged to monthly values after the daily
SST and h time series of gyre domain averages were computed.
Seasonal climatology and time series of averaged Chl-a, SST and
h were produced within the limit domains of all 5 gyres. The
anomalies of each parameter were then calculated by remov-
ing the seasonal climatology from the time series and long-term
trends were derived for each parameter and gyre domain. The sta-
tistical analysis for the trends was done with MatLab using the
regression diagnostics function “regstats” using a linear regres-
sion model.
In addition, mixed-layer time series data were derived from
gridded temperature and salinity profiles (1998–2010) available
from the Simple OceanData Assimilation (SODA)model (Carton
et al., 2000) on a global 0.5 degree grid. The water density was cal-
culated from the SODA temperature and salinity profiles and the
monthly MLD were calculated using a critical density threshold
of 0.03 kg m−3.
MODIS AND SeaWiFS CHLOROPHYLL AND NPP
The global monthly Chl-a and NPP products used in this study
were derived from NASA standard products of spectral water-
leaving “remote sensing” reflectance over the visible spectral
regime, Rrs(λ), associated with MODIS-Aqua version 2013.1 and
SeaWiFS version 2010.0. The Rrs(λ) were produced by NASA
using common algorithms and methods to maximize consistency
across the twomissions (Franz et al., 2012), withMODIS updated
more recently to incorporate improved instrument temporal cal-
ibration knowledge (Meister and Franz, 2014).
For both SeaWiFS and MODIS, the STD Chl-a product uses
a blue to green band ratio algorithm to relate Rrs (λ) to Chl-
a that has been shown to perform well over a wide dynamic
range of Chl-a (O’Reilly et al., 1998, with empirical coefficients
updated via Werdell and Bailey, 2005). The recently developed
OCI algorithm (Hu et al., 2012) is an alternative approach specif-
ically developed to improve retrievals in low Chl-a waters. OCI
uses a line-height approach wherein the Chl-a is related to the
difference between Rrs (green) and a linear baseline from Rrs
(blue) to Rrs (red). The advantage of this line-height approach
is that it is robust to spectrally correlated biases, such as those
associated with atmospheric correction error or residual sun glint
contamination that can dominate the very low green reflectance
in clear waters and thus drive-up uncertainty in the STD blue to
green band ratio. OCI is therefore a logical choice for this study of
ocean gyres, but the STD Chl-a time-series is also assessed, as that
algorithm was used in all previous studies (McClain et al., 2004;
Polovina et al., 2008; Signorini and McClain, 2012).
The SeaWiFS mission operated from late 1997 to late 2010,
with some periods of sporadic operations in the latter 3 years,
while MODIS-Aqua began operations in 2002 and continues to
this day. This study thus makes use of a merged SeaWiFS-MODIS
Chl-a and NPP time-series to span the period from 1998 to
2013, as derived from the consistently-processed monthly Rrs
(λ). Specifically, the SeaWiFS monthly products were used exclu-
sively from 1998 through 2007, MODIS was used exclusively from
2011–2013, and MODIS was used in the 2008–2010 period for
those months where SeaWiFS data was incomplete or unavailable.
Previous studies have demonstrated a high level of consistency
between the STD Chl-a products of SeaWiFS and MODIS for
global ocean regions (Franz et al., 2012, 2014), thus providing
some confidence in the use of a merged time-series for trend
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FIGURE 1 | Global maps of 9 km MODISA OCI Chl-a mission
composite (A) and the depth of the 0.2μM (ZNO3) nitrate
concentration (B) derived from the World Ocean Atlas monthly
climatology. The transition to the yellow color in (B) indicates that
the 0.2μM nitrate horizon has reached the surface. The polygons
represent the study areas of the 5 gyres.
analysis, but additional analyses were performed here to specif-
ically assess the mission to mission consistency within the study
domain.
DYNAMICS AND BIOGEOCHEMICAL CHARACTERISTICS OF
THE SUBTROPICAL GYRES
Although the subtropical gyres are characterized by oligotrophic
waters (low biomass and production), and are quite often referred
to as the ocean deserts, their immense size (they occupy ∼40% of
the surface of the earth) makes their contribution to the global
carbon cycle very important. The upper kilometer of the sub-
tropical gyres circulation is primarily wind driven (Huang and
Russell, 1994). The horizontal and vertical motion in this layer
plays a significant role in controlling the interaction between the
atmosphere and ocean, which is of vital importance to our under-
standing of the oceanic general circulation and climate (Huang
and Qiu, 1994). The gyres are characterized by a deep pycnocline
at their centers and strong horizontal gradients of temperature
and salinity at the fringes due to pycnocline outcropping. The
flow in the western limbs (western boundary currents) is inten-
sified by the latitudinal changes of the Coriolis acceleration (β
effect), whereas the flow is relatively weak in the gyres’ eastern
parts. The broad region of relatively weak flow occupies most of
the gyre and is called the Sverdrup regime (Pedlosky, 1990). The
dynamic center of the gyres can be identified by a maximum sea-
surface height (SSH). The pycnocline shoals in the mid-latitudes,
where isopycnals outcrop at the subtropical front, and at the
equator, where Ekman flow divergence promotes upwelling. The
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FIGURE 2 | Global maps of 9 km MODISA SST mission composite (A) and Aquarius 1-degree SSS based on the August 2011–July 2013 composite (B).
interior of the gyres are also characterized by Ekman down-
welling. McClain and Firestone (1993) provide evidence of gyre
downwelling in the North Atlantic.
The availability of light and nutrients is the driver for phy-
toplankton photosynthetic carbon production. In the interior of
the gyres the depth of the nutricline is much deeper than in its
fringes as a result of gyre dynamics. This limits the availabil-
ity of nutrient renewal within the euphotic zone as the vertical
mixing needs to penetrate much deeper to reach depths were
nutrients are more concentrated, thus limiting phytoplankton
growth. This is clearly illustrated in Figure 1 which shows the
MODIS mission composite global Chl-a map and the global
nutricline horizon defined by the level at which the nitrate (NO3)
concentration reaches 0.2μM (ZNO3). Areas inside the gyres
have the clearest waters (low biomass) which are well correlated
with the areas of deepest ZNO3. The most distinctive feature of
the phytoplankton size structure in these oligotrophic domains
is the marked dominance of picoplankton (Marañón et al.,
2001).
Previous studies indicate that the subtropical gyres undergo
seasonal changes in the physical forcing and ecosystem response
that alter the ratio of new vs. regenerated production. Brix et al.
(2006) discussed the relationships between primary, net com-
munity, and export production in the subtropical gyres. They
analyzed more than 10 years of data from two subtropical time-
series stations (Hawaii Ocean Times-series (HOT) in the North
Pacific, and Bermuda Atlantic Time-Series (BATS) in the North
Atlantic) to investigate the regeneration loop vs. export path-
way hypothesis, and in particular to test the idea that the switch
between the two is controlled by enhanced input of nutrients. In
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FIGURE 3 | Global maps of climatologic (1998–2010) SODA MLD (A) and Aviso dynamic height climatology (1998–2013) based on the sum of SLA and
mean dynamic topography (B).
the decadal long-term mean, their study revealed export pathway
characteristics at BATS, while at HOT production is dominated by
the regeneration loop. This difference is consistent with stronger
seasonal forcing at BATS leading to enhanced nutrient input.
However, these characteristics are only valid for parts of the year.
Especially at BATS, the export pathway exists only in spring and
the system reverts to a regeneration loop in summer and fall. This
is a consistent result given the strong summer-time stratification
and the resulting low levels of nutrient input.
Heat and freshwater (precipitation-evaporation) fluxes, com-
bined with the gyre circulation, are the dynamic drivers for SST
and sea surface salinity (SSS) spatial and temporal variability
that highly influence vertical mixing and thus the depth of the
mixed layer. Figure 2 shows global maps of MODIS SST and
Aquarius SSS mission composites. There is large SST variability
in the NPAC and SPAC gyres with warmest SSTs in the western
equatorial region (Warm Pool) and significant decrease in SST
toward the subtropical frontal regions. The Aquarius SSS global
map shows that the surface salinity within the Atlantic gyres is
greater than the salinity in the Pacific gyres. The mean Aquarius
SSS for the NPAC, SPAC, IOCE, NATL and SATL are 34.620,
35.364, 35.125, 36.753, and 36.571, respectively. The mean SSS
in the NATL gyre is about 2 psu higher than the mean SSS in the
NPAC gyre. The mean SSS seasonal cycle of the NATL gyre has
a range of ∼0.3 psu, while the SATL and NPAC ranges are ∼0.2
psu and the SPAC and IOCE have still smaller ranges (∼0.1 psu or
less). Theminimum SSS occurs in summer-fall and themaximum
in winter-spring for all gyres, except for the SATL gyre where the
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SSS seasonal cycle is in phase opposition with the other 4 gyres.
This may be due to a different seasonality pattern of precipitation-
evaporation in the sub-tropical SATL. The variability in surface
water density due to changes in SST and SSS, combined with
wind stirring, are effective drivers of vertical mixing, which in
turn control the renewal of nutrients within the euphotic zone.
A climatological global map of mixed layer depth (MLD) is
shown in Figure 3A. There is a large spatial variability of MLD
globally and within the gyres, a result of the interplay of the driv-
ing factors described above. The anti-cyclonic circulation patterns
within the gyres are clearly shown in the climatological global
map of Aviso dynamic height (Figure 3B), with the strongest
western boundary currents being the Gulf Stream in the North
Atlantic and the Kuroshio Current in the North Pacific, both
originating from the western limbs of the gyres.
Gyre-averaged seasonal plots of MODIS Chl-a, MLD, and
ZNO3 (Figure 4) provide evidence of the biogeochemical forc-
ing vs. response behavior within the gyres. Note that the time
axes have been adjusted to provide synchronization of seasons
between the northern and southern hemispheres, so winter, sum-
mer, spring and autumn appear in phase in all gyres. Summer and
autumn, a period of relatively shallower MLDs, are the seasons
with lowest biomass (Chl-a), while in the peak of winter strong
vertical mixing drives the elevated biomass shown by the higher
values of Chl-a. Also note that Chl-a increases as the MLD gets
deeper than ZNO3.
RESULTS
MODIS vs. SeaWiFS Chl TRENDS
Individual mission-long MODIS (July 2002—May 2014) and
SeaWiFS (1998–2010) monthly time-series Chl-a anomaly trend
analyses, as well as trend analyses for the combined MODIS
and SeaWiFS (1998–2013) monthly time series record, were per-
formed using both STD and OCI algorithms. The trends and
corresponding statistical results are summarized in Table 1.
There is a general agreement of magnitude and sign of trends
among the different sensors and algorithms, with some excep-
tions. The SPAC and SATL gyres are the only ones with positive
trends, albeit with low statistical significance (p > 0.05). These 2
gyres show positive trends for the 13-year SeaWiFS record using
both STD and OCI algorithms, while only the SPAC gyre shows
consistent positive (weaker) trends for all other combinations of
sensors and algorithms. The statistical significance for the trends
is improved for some gyres when the longer MODIS-SeaWiFS 16-
year combined record is used, except for the SPAC gyre which still
shows a weaker positive trend with low statistical significance.
The trends for the 16-year record using the STD algorithm
are −0.0057, +0.0008, −0.0080, −0.0093, and −0.0018mg m−3
decade−1 for the NPAC, SPAC, IOCE, NATL, and SATL gyres,
respectively. The equivalent trends using the OCI algorithm are
−0.0058, +0.0007, −0.0062, −0.0072, and −0.0018mg m−3
decade−1. The percent differences between the trends using the
STD and OCI algorithms (based on 5 decimal places on the
trends) are −1.2%, −12.7%, +28.8%, +29.0%, and +5.1% for
the NPAC, SPAC, IOCE, NATL, and SATL gyres. The largest dif-
ferences in trends between the IOCE and NATL gyres using the
two different algorithms may be a result of stronger variability in
FIGURE 4 | Seasonal variability of MODISA OCI Chl-a (green), mixed
layer depth (MLD, red), and depth of the 0.2 μM nitrate concentration
(ZNO3, blue) for the 5 gyres (A through E for the NPAC, SPAC, IOCE,
NATL, and SATL, respectively). Values were averaged within the polygons
shown in Figure 1.
the Chl-a anomalies in these 2 gyres (see Figure 5). There are sev-
eral factors that contribute to the uncertainty associated with the
estimation of the trends in the subtropical gyres, including sensor
and algorithm accuracies and the length of available ocean color
records.
Gregg and Rousseaux (2014) analyzed decadal trends in global
pelagic chlorophyll by integrating multiple satellites, in situ data,
and models. Although they did not present averaged trends
for the subtropical gyres in their trend analysis, their North
Central Pacific (NCP) andNorth Central Atlantic (NCA) regional
domains contain the NPAC and NATL oligotrophic regions ana-
lyzed in this study. Their NCP and NCA regions showed Chl
downward trends of −1.1 and −1.4% yr−1 for 1998–2012,
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Table 1 | Mission-long trends (mg m−3 decade−1) for SeaWiFS and MODIS using STD and OCI Chl-a.
Sensor
STD/OCI
Gyre Intercept Slope (Trend) (mg m−3 dec−1) r2 p-value Chl(yo) (mg m−3) β (% yr−1)
SeaWiFS
STD
1998–2010
NPAC 1.157 −0.0058 ± 0.0007 0.30 1.01e–13 0.065 −0.89
SPAC −0.194 +0.0010 ± 0.0001 0.01 1.51e–01 0.057 +0.17
IOCE 1.565 −0.0078 ± 0.0012 0.21 1.88e–09 0.076 −1.03
NATL 1.572 −0.0078 ± 0.0014 0.17 7.03e–08 0.073 −1.07
SATL −0.022 +0.0001 ± 0.0010 0.00 9.15e–01 0.062 +0.02
SeaWiFS
OCI
1998–2010
NPAC 1.253 −0.0062 ± 0.0007 0.36 2.46e–16 0.081 −0.97
SPAC −0.049 +0.0002 ± 0.0007 0.00 7.29e–01 0.069 +0.04
IOCE 1.451 −0.0072 ± 0.0010 0.24 8.94e–11 0.090 −0.96
NATL 1.392 −0.0069 ± 0.0012 0.19 1.27e–08 0.089 −0.95
SATL −0.014 −0.0001 ± 0.0010 0.00 9.41e–01 0.077 +0.01
MODIS
STD
July
2002–May
2014
NPAC 0.286 −0.0014 ± 0.0008 0.03 6.13e–02 0.060 −0.24
SPAC −0.471 +0.0023 ± 0.0007 0.08 8.21e–04 0.055 +0.42
IOCE 1.264 −0.0063 ± 0.0012 0.16 9.49e–07 0.071 −0.89
NATL 0.107 −0.0005 ± 0.0012 0.00 6.58e–01 0.067 −0.08
SATL 0.247 −0.0012 ± 0.0009 0.01 1.82e–01 0.060 −0.21
MODIS
OCI
July
2002–May
2014
NPAC 0.684 −0.0034 ± 0.0008 0.12 1.61e–05 0.078 −0.44
SPAC −0.577 +0.0029 ± 0.0008 0.09 3.86e–04 0.068 +0.42
IOCE 0.853 −0.0043 ± 0.0012 0.08 6.92e–04 0.087 −0.49
NATL 0.290 −0.0014 ± 0.0012 0.01 2.16e–01 0.085 −0.17
SATL 0.152 −0.0008 ± 0.0011 0.00 5.06e–01 0.075 −0.10
SeaWiFS+
MODIS
STD
1998–2013
NPAC 1.144 −0.0057 ± 0.0005 0.40 4.85e–23 0.065 −0.88
SPAC −0.159 +0.0008 ± 0.0005 0.01 1.01e–01 0.057 +0.14
IOCE 1.604 −0.0080 ± 0.0009 0.29 6.56e–16 0.076 −1.06
NATL 1.858 −0.0093 ± 0.0010 0.33 5.54e–18 0.073 −1.26
SATL 0.368 −0.0018 ± 0.0008 0.03 1.75e–02 0.062 −0.30
SeaWiFS+
MODIS
OCI
1998–2013
NPAC 1.159 −0.0058 ± 0.0005 0.43 1.07e–24 0.081 −0.71
SPAC −0.139 +0.0007 ± 0.0006 0.01 2.08e–01 0.069 +0.10
IOCE 1.245 −0.0062 ± 0.0008 0.23 3.35e–12 0.090 −0.69
NATL 1.440 −0.0072 ± 0.0008 0.29 9.76e–16 0.089 −0.80
SATL 0.350 −0.0018 ± 0.0008 0.03 2.28e–02 0.077 −0.23
The variables Chl(yo) and β are mean Chl (mg m−3) for the first year of the time series and percent change per year, respectively. The trends in bold indicate statistical
significance at the 95% confidence level (p < 0.05). Values are also tabulated for the SeaWiFS-MODIS merged time series.
respectively. As shown in Table 1, the Chl trends derived in this
study are very close to those reported by Gregg and Rousseaux
(2014). The Chl downward trends from SeaWiFS for the 1998–
2010 period are −0.9 (STD Chl) to −1.0% yr−1 (OCI Chl) for
the NPAC, and −1.0 (OCI Chl) to −1.1% yr−1 (STD Chl) for
the NATL. The trends for 1998–2013 derived from the merged
SeaWiFS-MODIS data are −0.7 (OCI Chl) to −0.9% yr−1 (STD
Chl) for the NPAC, and −0.8 (OCI Chl) to −1.3% yr−1 (STD
Chl) for the NATL.
TREND ANALYSIS OF Chl, NPP, SST, SLA, AND MLD
The trends in Chl∗, NPP∗, SST∗, SLA, and MLD∗ for all gyres,
where the asterisk denotes anomalies, are presented in Table 2.
The Chl∗ trends are tabulated for both the STD and OCI algo-
rithms. The analysis was done using monthly data for the period
of 1998–2013, except for the MLD which was limited by data
availability (1998–2010). The units for the trends are chosen to
enable uniform magnitude range and number of decimal places
for all variables. The time series of monthly anomalies with
superposed linear trends are shown in Figure 5 for all variables
analyzed.
As previously mentioned, the SPAC is the only gyre with a
positive trend. It ranges from +0.069 to +0.079μg m−3 yr−1.
All the other gyres have negative trends indicating an expansion
of the oligotrophic areas. The SATL gyre has the weakest trend
ranging from −0.175 to −0.184μg m−3 yr−1, while the NATL
gyre has the strongest trend with values ranging from −0.718 to
−0.926μg m−3 yr−1. The IOCE gyre has the second strongest
negative trend ranging from −0.621 to −0.800μg m−3 yr−1. The
warming trends in the gyres range from +0.123◦C decade−1 in
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FIGURE 5 | Trends of gyre anomalies for chlorophyll (Chl∗, A1–A5), sea-surface temperature (SST∗, B1–B5), sea-level anomaly (SLA, C1–C5), and
mixed layer depth (MLD∗, D1–D5) for all 5 gyres.
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Table 2 | Trends and statistics for Chl-a anomaly (Chl* in μgm−3 yr−1) from SeaWiFS-MODIS combined data record using STD and OCI
algorithms, CbPM net primary production anomaly (NPP* inmg C m−2 d−1 yr−1), AVHRR optimally interpolated (OI) SST anomaly (SST* in ◦C
decade−1), Aviso sea level anomaly SLA (cm yr−1), and mixed layer depth anomaly (MLD* inm decade−1) derived from SODA temperature
and salinity profiles.
Gyre NPAC SPAC IOCE NATL SATL
Parameter
Chl* STD −0.570 ± 0.050 +0.079 ± 0.048 −0.800 ± 0.090 −0.926 ± 0.097 −0.184 ± 0.077
Chl* OCI −0.577 ± 0.049 +0.069 ± 0.055 −0.621 ± 0.083 −0.718 ± 0.082 −0.175 ± 0.076
NPP* −7.354 ± 0.420 −3.608 ± 0.433 −5.345 ± 0.532 −7.318 ± 0.376 −5.135 ± 0.478
SST* +0.123 ± 0.027 +0.129 ± 0.031 +0.313 ± 0.036 +0.179 ± 0.031 +0.024 ± 0.046
SLA +0.209 ± 0.020 +0.406 ± 0.018 +0.506 ± 0.019 +0.219 ± 0.014 +0.254 ± 0.012
MLD* −1.081 ± 0.316 +0.552 ± 0.327 −1.896 ± 0.327 −0.546 ± 0.563 −0.700 ± 0.377
The trends in bold indicate statistical significance at the 95% confidence level (p < 0.05). The standard error is provided for each trend estimate. The analysis was
done using monthly data for the period of 1998–2013, except for the MLD which was limited by data availability (1998–2010).
the NPAC gyre to+0.313◦C decade−1 in the IOCE gyre, while the
positive trend in the SATL gyre is relatively small and statistically
insignificant. The SLA trends are also positive for all gyres, rang-
ing from +0.209 cm yr−1 in the NPAC gyre to +0.506 cm yr−1 in
the IOCE gyre. NPP trends are negative for all the gyres, −7.35,
−3.61, −5.35, −7.32, and −5.14mg C m−2 d−1 yr−1 for the
NPAC, SPAC, IOCE, NATL and SPAC, respectively.
The MLD* gyre trends, which were derived from the SODA
model density profiles, have signs that agree with the signs of the
Chl* trends. A positive MLD* indicates a deepening of the mixed
layer. Thus, as the MLD shallows (negative trend), the average
Chl-a concentration in the gyres is expected to decrease (negative
trend) following the dynamics of forcing vs. response described
in section Dynamics and Biogeochemical Characteristics of the
Subtropical Gyres. Therefore, a relatively small mixed layer deep-
ening in a region of the gyres where the nutricline is much deeper
(see Figure 1B) has a significant effect in phytoplankton produc-
tion. TheMLD∗ trends range from 0.546m decade−1 in the NATL
gyre to 1.896m decade−1 in the IOCE gyre.
DISCUSSION
Our 16-year analyses of Chl trends in the oligotrophic regions
of the subtropical gyres are consistent with the biogeochemi-
cal response to changes in the forcing factors affecting the gyre
dynamics. The new (export) production in the gyres is con-
trolled by inorganic nutrient inputs into the euphotic zone, which
in turn result from seasonal vertical mixing driven by winter-
spring convective overturning. During summer, the upper ocean
waters re-stratify leading to shallowmixed layers and phytoplank-
ton production is significantly reduced and primarily driven by
ecosystem nutrient regeneration. This balance of nutrient sup-
ply/consumption can be altered by climatological changes in the
physical forcing such as surface warming/cooling, surface freshen-
ing by changes in precipitation/evaporation, and sea level changes
that potentially modify the dynamic characteristics of the gyres.
In this study, we showed that these changes are indeed occurring
and that the subtropical gyres are becoming more oligotrophic as
a result of the forcing changes.
Our analyses revealed warming trends in all 5 gyres, as well
as an increase in sea level height. Warming was more intense in
the IOCE gyre with a 16-year trend of 0.31 ◦C decade−1, con-
current with a sea level increase of 0.51 cm yr−1 and a decrease
in MLD of 1.90m decade−1. As a result, the mean Chl-a concen-
tration within the IOCE gyre decreased at a rate of 0.62–0.80μg
m−3 yr−1. As shown in Table 2, trends with similar signs but with
more gradual slopes are evident in the NPAC, NATL, and SATL
gyres. The SPAC gyre is the only exception, with an increase in
MLD of 0.55m decade−1 and a relatively moderate Chl-a increase
of 0.07 to 0.08μg m−3 yr−1, despite the warming of 0.13 ◦C
decade−1 and a sea level rise of 0.41 cm yr−1. Dynamic effects
other than surface warming and increase in sea level are probably
influencing the somewhat weak upward trend in Chl-a, but the
upward trend in Chl-a associated with increasing MLD appears
to be coherent with our original forcing vs. response hypothesis.
The upward trends in SLA for all the gyres can be an indication
that the thermocline, and thus the nutricline are getting deeper.
Turk et al. (2001) showed that satellite SLA is strongly correlated
with the depth of the thermocline in the tropical Pacific, and that
measured new production also correlates well with thermocline
depth, which in turn allowed them to estimate variation of new
production in the region based on SLA satellite data. Our 16-year
upward trends in SLA (Table 2) are potential indicators that new
production is being reduced in all gyres.
There is a debate in the literature (Letelier et al., 1993;
Winn et al., 1995; Morel et al., 2010) regarding the influence
of photoacclimation on the phytoplankton Chl-a concentration
in oligotrophic regions, especially during winter when the MLD
becomes deepest and light availability is reduced. This effect has
the potential to introduce uncertainties in the determination of
biomass concentration from Chl-a. Mignot et al. (2014), based
on BIO-Argo floats data in the interior of the NPAC and SPAC
gyres, showed that the presence of a deep chlorophyll maximum
(DCM) in oligotrophic regions is influenced by a photoacclima-
tion process on a seasonal basis. In each of the regions investigated
in their study, the Chl-a at the DCM increases from spring to
summer and then decreases from summer to fall. They also mea-
sured particle backscattering (bbp) and beam attenuation (cp)
coefficients concurrent with the Chl-a measurements. The simul-
taneous seasonal variations of Chl-a, cp, and bbp in the DCM,
and the stability of cp/Chl and bbp/Chl in the DCM over the
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seasons indicate that Chl-a variations in the lower euphotic zone
result from biomass variations and not from photoacclimation
processes (Mignot et al., 2014). Therefore, in summer, in addi-
tion to the photoacclimation effect on Chl-a, the DCMalso results
from a change in biomass.
To address these effects on the seasonal dynamics of phyto-
plankton biomass and DCM in the gyres, we used the carbon-
based primary productivity model (CbPM) of Westberry et al.
(2008) with vertically resolved photoacclimation to derive trends
of NPP for all the gyres (see Table 2). The trend analysis shows
that NPP is being reduced in all 5 gyres, with values ranging from
−3.6mg C m−2 d−1 yr−1 in the SPAC to −7.4mg C m−2 d−1
yr−1 in the NPAC. The NPAC and NATL gyres have the strongest
downward trends followed by the IOCE and SATL.
Our study also revealed the need for satellite multi-decadal
records of physical and biological parameters, as well as well-
calibrated ocean color sensors and algorithms, to enable accurate
estimates of climate-induced trends in the subtropical gyres.
These trends necessarily affect primary and export production
in these large areas of the global oceans, and therefore influence
the uptake of atmospheric carbon dioxide. Based on an estimate
of the global ocean climatological net annual sea-air CO2 flux
given by Signorini and McClain (2009), we calculated the con-
tributions of the sea-air CO2 flux from each of the 5 gyres. The
total global flux estimate is −1.126 PgC yr−1, with the minus
sign representing atmospheric uptake by the ocean. The individ-
ual fluxes for each gyre are −0.113, −0.098, −0.130, −0.073, and
+0.060 PgC yr−1 for the NPAC, SPAC, IOCE, NATL, and SATL,
respectively, with the IOCE being the largest uptake and the SATL
being a weak source to the atmosphere. The combined sea-air flux
from all gyres is −0.353 PgC yr−1, or 31.4% of the global esti-
mate. So the contribution to the global atmosphere CO2 uptake
by the gyres is substantial and therefore environmental changes
that may alter the ability of the subtropical gyres to uptake CO2,
such as the reduction in efficiency of the solubility pump by SST
warming and the biological pump efficiency by a reduction in
inorganic nutrient renewal, will have a significant impact in the
global carbon cycle.
SUMMARY AND CONCLUSIONS
We analyzed time series of satellite-derived biogeochemical (Chl,
NPP, and ZNO3) and physical (SST, SLA, model-derived MLD)
parameters to investigate the seasonal and long-term (16 years)
variability of biomass and phytoplankton productivity in the 5
subtropical gyres. Trends in the physical parameters are used to
explain observed trends in Chl and NPP. Downward trends in Chl
(except in the SPAC) and downward trends in NPP (response) are
identified in all gyres and are in general agreement with the trends
observed in the physical parameters (forcing).
For the NPAC, SPAC, IOCE, NATL, and SATL gyres the
trends in Chl (mean of STD and OCI algorithms) are −0.574,
+0.074, −0.711, −0.822 and −0.180μg m−3 yr−1, respectively.
The equivalent trends for NPP are −7.354, −3.608, −5.345,
−7.318 and −5.135mg C m−2 d−1 yr−1. For SST the trends
are +0.123, +0.129, +0.313, +0.179 and +0.024◦C decade−1,
for SLA +0.209, +0.406, +0.506, +0.219 and +0.254 cm yr−1,
and for MLD −1.081, +0.552, −1.896, −0.546 and −0.700m
decade−1, respectively. The warming of the gyres, combined with
the decline in NPP, have a potential impact on the efficiencies
of the solubility and biological pumps and therefore potentially
affecting the uptake of carbon from the atmosphere.
Our study also revealed the need for satellite multi-decadal
records of physical and biological parameters, as well as well-
calibrated ocean color sensors and algorithms, to enable accurate
estimates of climate-induced trends in the subtropical gyres.
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